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We report single-shot readout of a superconducting flux qubit by using a flux-driven Josephson
parametric amplifier (JPA). After optimizing the readout power, gain of the JPA and timing of the
data acquisition, we observe the Rabi oscillations with a contrast of 74% which is mainly limited
by the bandwidth of the JPA and the energy relaxation of the qubit. The observation of quantum
jumps between the qubit eigenstates under continuous monitoring indicates the nondestructiveness
of the readout scheme.
A dispersive readout scheme using an electromagnetic
resonator is widely used to read out the state of super-
conducting qubits. [1] This technique utilizes the fact
that the resonance frequency of a resonator, to which
the qubit is dispersively coupled, depends on the state of
the qubit. [2] Its intriguing properties, e.g., high fidelity
and nondestructiveness, have been demonstrated in a va-
riety of experiments exploring cavity quantum electrody-
namics using superconducting circuits. [3, 4] One of the
problems with dispersive readout, however, is its low sig-
nal to noise ratio (SNR). In order to minimize backac-
tion on the qubit, one has to detect a small microwave
signal leaking out of the resonator containing on the or-
der of a single photon, and this should be done within a
time much shorter than the lifetime of the qubit. There-
fore, low-noise and wide-band amplifiers are indispens-
able. To date, cryogenic HEMT amplifiers have been
most commonly used. However, even with a state-of-the-
art HEMT amplifier with a noise temperature of ∼ 2-5 K,
the SNR typically remains smaller than unity. This ne-
cessitates averaging the readout signal over many trials
(identical realizations of the experiment) to discriminate
the state of the qubit, whereas single-shot readout is de-
sirable for applications in quantum information process-
ing.
Recently, many groups have attacked this problem by
using low-noise amplifiers based on superconducting cir-
cuits, [5–8] including so-called Josephson parametric am-
plifiers (JPAs), [9–11] and single-shot readout using JPAs
has been realized. [12–14] The JPA we have developed is
pumped by ac flux instead of ac current, and we call it the
“flux-driven JPA”. [10] It can be operated in the degener-
ate three-photon mode (signal and pump frequencies are
related by a factor two) and has the practical advantage
that it does not require an additional microwave field
to cancel the pump leaking out of the device. Recently,
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the vacuum noise squeezing has been demonstrated us-
ing the same type of the device. [15, 16] Also, similar
device based on the lumped-element circuit has been re-
ported. [17] We note that there is another type of JPA
called the Josephson ring modulator, which may be also
operated in a three-photon mode, but in a nondegenerate
configuration. [11, 18]
In this letter, we utilize a flux-driven JPA as a pream-
plifier for the dispersive readout of a superconducting
flux qubit. [19] We observed a drastic improvement in
the SNR, and this enabled us to achieve single-shot read-
out, which means that we judge the state of the qubit by
applying a single readout pulse. We observed Rabi oscil-
lations with a contrast of 74% which is limited mainly by
the bandwidth of the JPA and the energy relaxation of
the qubit. Also, by continuously monitoring the qubit,
we observed quantum jumps between the qubit eigen-
states. [12] The statistics of the jumps confirm the non-
destructiveness of our readout.
Figure 1(a) shows our measurement setup for the
single-shot readout of a flux qubit using flux-driven JPA.
All measurements were performed using a dilution refrig-
erator at the base temperature T ∼ 10 mK. The setup
is the same as that used in Ref. 19, with the addition of
a flux-driven JPA contained in a separate sample holder
together with an independent coil for the flux bias Φ.
The chip containing the qubit is the same one used in
Ref. 19, in which a conventional three-Josephson-junction
flux qubit is capacitively coupled to a coplanar waveguide
(CPW) resonator with a loaded quality factor QrL of 650.
We refer to this resonator as the “readout resonator” to
distinguish it from the “JPA resonator”. In the present
study, we bias the qubit at Φ = 0.5Φ0, where |0〉 to |1〉
transition frequency ω01 = 2pi × 5.461 GHz is insensitive
to low frequency flux noise to first order in the flux fluc-
tuation δΦ. The resonant frequency of the resonator ωr0
is 2pi×10.674 GHz when the qubit is in the ground state.
The dispersive shift of the resonator, 2χ, namely the shift
in ωr0 when the qubit is excited from ground state |0〉 to
excited state |1〉, is enhanced by the the straddling ef-
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FIG. 1. (Color online) (a) Schematic of the measurement
setup. The designed value of CJPAin , C
r
in and Cc are 16 fF,
16 fF and 4 fF, respectively. QJPAL and Q
r
L are measured to
be 310 and 650, respectively. (b) Phase response of the circuit
as a function of the input signal frequency and the flux bias
for JPA.
fect, [19] and measured to be 2χ = 2pi × (−80) MHz.
The JPA used in this study has the same design as
that reported in Ref. 10 and was fabricated by the same
process. The device consists of a CPW resonator with a
SQUID termination and a pump line inductively coupled
to the SQUID loop. The critical current of each Joseph-
son junction in the SQUID was estimated to be 1.2 µA
from the process test data. The dc flux bias through
the loop determines the static resonant frequency ωJPA0 ,
namely the band center of the JPA. A microwave field
applied to the pump port at frequency 2ωJPA0 does para-
metric work on an incoming microwave field at the signal
port with frequency around ωJPA0 . Because the pump and
the signal frequencies differ by a factor two, we do not
need an additional microwave field to cancel the pump
in the output line, as is often used for current-driven
JPAs. [14, 20]
Figure 1(b) plots the phase response of the signal trans-
mission through the circuit shown in Fig. 1(a) as a func-
tion of the input signal frequency ωs and the JPA flux
bias Φ. The response was measured by a vector network
analyzer, with the JPA pump turned off. At each Φ, we
observe two resonances. The one at 10.674 GHz which is
independent of Φ is due to the readout resonator, while
the other which depends on Φ is due to the JPA res-
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FIG. 2. (Color online) (a) T1 and contrast of Rabi oscillations
as functions of the number of readout photons 〈n〉. For the T1
measurement, a readout pulse of a length 3 µs is applied after
the pi-pulse. We acquire readout data of duration 100 ns, at a
repetition rate 167 kHz, and average over 65,000 such trials.
(b) Dependence of the signal gain on 〈n〉 for different pump
powers. The arrows indicate the 1-dB-compression points.
The JPA is operated in the nondegenerate mode, namely, at
ωp = 2ωs − 2pi × 100 kHz, where ωs = ωr0.
onator. They become equal at Φ/Φ0 = 0.29, and this is
the bias point where we operate the JPA. [21] The ex-
ternal and internal quality factors of the JPA resonator
measured at slightly detuned ωJPA0 of 10.803 GHz are 330
and 4900, respectively.
First, we optimize the signal power for the readout. A
large signal power is favorable in terms of SNR, but it
can induce qubit energy relaxation due to readout back-
action. [22, 23] In Fig. 2(a), we show the qubit energy
relaxation time T1 as a function of the number of readout
photons 〈n〉 in the readout resonator. Here 〈n〉 is defined
as 4PsQ
r
L/h¯ω
2
s , where Ps is the power of the readout mi-
crowave field at the input of the readout resonator. [24]
In this measurement, the pump of JPA is turned off, and
ωJPA0 is far detuned from the signal frequency. The qubit
relaxation time T1 is determined from the decay of an
ensemble averaged signal over a number of repetitions
of the qubit excited by a pi-pulse and a subsequent con-
tinuous readout. We observe a decrease of T1 when 〈n〉
>∼ 2. In the figure, we also plot the contrast of Rabi
oscillations, which was obtained from ensemble average
measurement using a pulse sequence similar to the one
shown in the inset of Fig. 3(d) with an optimized delay
time td. [19] Because the contrast is mainly limited by T1
here, it exhibits a similar dependence on 〈n〉 to that of
T1. These data show that 〈n〉 should not be larger than
∼ 2 to guarantee the nondestructiveness of the readout.
We also checked the dynamic range of the JPA. Fig-
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FIG. 3. (Color online) Histograms of the digitally down-
converted IF signal in the I–Q plane (a) without and (b) with
a pi pulse. Both figures are rotated around the origin by a
phase offset so that the peaks of the distribution lie along the
VQ axis. The JPA is operated at a gain of 25.6 dB and a
bandwidth of 4.8 MHz (Pp = −53.5 dBm), and td is set to be
100 ns. (c) Histograms obtained from (a) and (b) projected
onto the VQ axis. The horizontal dashed line represents the
threshold used to discriminate the qubit states. (d) Contrast
(1 − fol) as a function of td. All data were measured with
〈n〉 = 1.3. (e) Rabi oscillations observed with averaged single-
shot measurements.
ure 2(b) shows the dependence of the signal gain on 〈n〉
when Pp is −52.5 dBm, −53.5 dBm and −54.5 dBm. We
observed unwanted parametric oscillations when Pp ≥
−52.0 dBm. The measurement was done using a con-
tinuous microwave and a spectrum analyzer. The signal
gain is measured in a nondegenerate mode configuration,
namely at a pump frequency ωp = 2ωs − 2pi × 100 kHz,
where ωs = ω
r
0 = 2pi × 10.674 GHz. The 1-dB-
compression points for these Pp’s are indicated by the
arrows in the figure.
Next, we tried to maximize the single-shot readout con-
trast. We operate the JPA in a degenerate mode config-
uration, i.e., ωp = 2ωs = 2ω
r
0. The phase of the pump
microwave is adjusted so that the phase-dependent gain
becomes maximal. Using the pulse sequence shown in the
inset of Fig. 3(d), we acquired the reflected readout pulse
in the time domain using a heterodyne detection scheme
with with an IF frequency of 50 MHz and a sampling rate
of 1 GS/s. We used a 100-ns-long data sequence, the ac-
quisition of which begins after a delay td from the end of
the applied pi-pulse, to extract the amplitude and phase
of the reflected readout pulse. The 100-ns-long data ac-
quisition is needed because of the limited SNR; the noise
consists mainly of the input vacuum noise and possibly
the noise added by JPA. From the SNR, we can esti-
mate the upper limit of the noise temperature of the JPA,
which is found to be 380 mK. [25] More precise measure-
ment using a calibrated noise source has recently been
reported using the same kind of device. [16] Figures 3(a)
and (b) show examples of histograms for 1.6 × 104 such
measurements without and with the pi pulse, respectively.
As shown in Fig. 3(c), which are the histograms obtained
from Figs. 3(a) and (b) projected onto the VQ axis, we
observe two, well-separated distribution peaks which cor-
respond to the qubit |0〉 and |1〉 states. From such data,
we calculate the overlap between the two peaks, defined
by
fol =
∑
i
min(H0(i), H1(i))/Ntot, (1)
where H0 (H1) is the histogram when the pi pulse is
turned off (on), i is the index for the bin of the his-
togram, and Ntot is the total number of counts for each
histogram. In Fig. 3(d), we plot single shot readout con-
trast defined by 1 − fol as a function of td for the Pp’s
used in Fig. 2(b). All data were measured with 〈n〉 = 1.3.
Qualitatively, the contrast at a fixed Pp is determined by
the competition between energy relaxation of the qubit
and the ring-up of the readout signal whose timescale
is determined by the bandwidth of the JPA. Namely, a
short td is favorable for high contrast in terms of small
probability of energy relaxation, but unfavorable in terms
of state distinguishability. As a consequence, there is an
optimal td for each Pp as shown in Fig. 3(d), although
the drop of the contrast due to energy relaxation for
Pp = −52.5 dBm is not clearly observed for td ≤ 190 ns.
Among these three Pp’s, we attained the maximum con-
trast with Pp = −53.5 dBm and td ∼ 100 ns. The his-
togram shown in Fig. 3(c) is obtained with this condi-
tion. Using the same condition, we observe Rabi oscil-
lations as shown in Fig. 3(e). Here, the probability of
the qubit in state |1〉 is plotted as a function of the am-
plitude of the control pulse of duration 50 ns. To dis-
criminate the qubit state, we set a threshold as shown
in Fig. 3(c). The attained contrast is 73.5%. Possible
sources of the error are (i) incomplete initialization of
the qubit, (ii) insufficient separation of the peaks in the
histogram, and (iii) qubit energy relaxation. Errors from
each source are estimated in the following. [25] The error
from the first source (incomplete initialization) is esti-
mated from the histogram when no pi-pulse is applied.
This histogram was obtained with a higher JPA gain of
29.0 dB and longer td of 300 ns to clearly separate out the
error counts. This error is estimated to be 2.8%. The er-
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FIG. 4. (Color online) Histogram showing the statistical dis-
tribution of jump times of the qubit from state |1〉 to |0〉. The
solid curve is an exponential fit with a time constant of 594 ns.
The JPA is operated at a gain of 29.0 dB and a bandwidth
of 2.8 MHz. The readout photon number 〈n〉 is 1.3. Inset:
Examples of the time trace under continuous monitoring. Ar-
rows indicate the occurrence of quantum jumps.
ror from the second source (insufficient peak separation)
is estimated from the overlap between the two Gaussian
functions fitted to the histogram peaks corresponding to
the qubit states |0〉 and |1〉, and calculated to be 2.4%.
The error from the third source (energy relaxation) is es-
timated from the histogram when a pi pulse is applied.
In the histogram, we observe two main peaks which cor-
respond to the qubit state |1〉 and the qubit state |0〉.
The latter is due to the qubit energy relaxation, and the
peak area (14.8%) roughly agrees with the value expected
from the exponential decay during td. In addition, we ob-
serve counts in the middle of those peaks, more than one
would expect from the Gaussian curves fitted to these
peaks. We attribute them to the relaxation during our
acquisition time of 100 ns. In total, we estimate the error
due to the qubit relaxation to be 19.8%. We still have
an unaccounted error of 1.5%, which could be related to
the transient response of JPA.
To check the nondestructiveness of our readout, we
performed continuous monitoring of the qubit. [12] Af-
ter preparing the qubit in state |1〉 using a pi-pulse, we
applied a 3-µs-long readout pulse and extracted the am-
plitude and phase using a 40 ns-long time trace initiated
every 20 ns. To clearly discriminate the qubit states with
shorter integration time, we set Pp = −52.5 dBm to im-
prove the SNR, where the JPA exhibits a gain of 29.0 dB
and a bandwidth of 2.8 MHz. The inset of Fig. 4 shows
examples of the time trace of VQ, where we can clearly
observe jumps as indicated by the arrows. From such
time traces, we extract the jump time of the qubit from
state |1〉 to |0〉 by setting a threshold in VQ. Fig. 4 shows
the statistical distribution of the jump time. Due to the
JPA’s limited bandwidth of 2.8 MHz, which corresponds
to a time constant of τ = 114 ns, we cannot correctly
detect the jumps earlier than ∼ τ . Thus, we fit the his-
togram from 300 ns to 2.9 µs with an exponential function
to obtain the decay time constant. The time constant is
594 ns, which is consistent with T1 of 600 ns measured us-
ing a standard pulse sequence, namely, a pi-pulse followed
by a delayed readout pulse. This consistency indicates
that our readout is highly nondestructive.
In conclusion, we demonstrated single-shot readout of
a superconducting flux qubit with a flux-driven JPA. The
flux-driven JPA has a widely tunable band center and
is easily operated in the degenerate three-photon mode.
With the aid of the flux-driven JPA, we achieve a single-
shot readout contrast of 74%, which is currently limited
by the bandwidth of the JPA and the qubit energy re-
laxation time. We also observed quantum jumps of the
qubit, which indicates that our readout is highly nonde-
structive. This measurement technique can be further
applied to quantum feedback control, [26] and single mi-
crowave photon detection. [27]
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Appendix A: The error budget of the Rabi contrast
In the main article, we showed Rabi oscillations with a
contrast of 73.5%. Here, we present our analysis on the
loss of the contrast. Possible errors are from incomplete
initialization (α), insufficient separation of the peaks in
the histogram (β), and energy relaxation of the qubit (γ).
In the following, we explain these errors one by one.
1. initialization error
The qubit is nominally initialized to the ground state
|0〉 by waiting a sufficiently long time for thermalization
to occur, with the assumption that the qubit temperature
(i.e., kBT ) is smaller than the |0〉 - |1〉 level separation
(i.e., h¯ω01). Figure 5 shows the histogram when no pi
pulse is applied. In order to increase the separation be-
tween the two distribution peaks corresponding to the
qubit states |0〉 and |1〉, the gain of JPA is increased to
29.0 dB and the delay time td is increased to 300 ns,
compared to the condition used for Rabi oscillation mea-
surement shown in the main article.
5As seen in the figure, we observe non-zero population
of the qubit in state |1〉. The green dashed curve in
the inset is a Gaussian fit to the |1〉-state peak. From
the fitting, we estimate the the |1〉 state population to
be 1.4%, which corresponds to the qubit temperature of
∼60 mK. The corresponding loss in Rabi contrast is twice
this value. Thus, we estimate α to be 2.8%.
2. peak separation error
Figures 6(a) and (b) show the histograms when the
pi pulse is turned off and turned on, respectively. The
condition of the measurement is the same as that used for
Fig. 3(e) in the main article. Namely, the JPA is operated
at a gain of 25.6 dB and a bandwidth of 4.8 MHz, and
the delay time td is 100 ns. In Fig. 6(a), we observe
one main peak corresponding to the qubit state |0〉. In
Fig. 6(b), on the other hand, in addition to a main peak
corresponding to the qubit state |1〉, we observe counts
below the threshold which are mainly due to qubit energy
relaxation as discussed below.
We fit the main peaks by a Gaussian function us-
ing the data below (above) the threshold in Fig. 6(a)
[Fig. 6(b)]. The error due to insufficient separation of
the peaks in the histogram is estimated by calculating
the overlap between the two Gaussian curves (blue and
black dashed curves). The overlap is shown by the green
area in Fig. 6(a). The area below the threshold gives the
discrimination error β1 = 0.9% for state |1〉, while the
area above the threshold gives the discrimination error
of β0 = 1.5% for state |0〉. In total, we estimate the peak
separation error β to be 2.4%. Note that the |0〉-sate
peak in Fig. 6(a) is quite asymmetric and different from
the |1〉-state peak in Fig. 6(b). We will discuss this point
later.
3. energy relaxation of the qubit
In Fig. 6(b), we observe counts below the threshold
which are mainly due to qubit energy relaxation. Since
our readout acquisition time is the same as the delay
time td, we cannot neglect qubit relaxation during the
acquisition. Roughly speaking, qubit relaxation during
the delay time is manifest as a peak with the same mean
value and width as those of the state |0〉 peak in Fig. 6(a),
while the relaxation during the acquisition time is mani-
fest as counts between the main peaks corresponding to
the states |0〉 and |1〉. The blue dash-dot curve is a Gaus-
sian fit to the data for VQ ≤ V 0Q, where V 0Q is the center of
the fitting curve for state |0〉 in Fig. 6(a). The area of the
blue dash-dot curve equals 14.8% of the total counts Ntot,
which is close to what is expected from the qubit energy
relaxation during td, namely, 1 − exp(−td/T1) = 15.1%.
Here, T1 = 610 ns is the mean value for 〈n〉 ≤ 1.7 shown
in Fig. 2(a) in the main article. The deviation of the data
from the fitting curve around VQ = 0 is attributable to
the qubit energy relaxation during the acquisition. The
magenta area represents the total error when a pi-pulse is
turned on. It includes α/2, β1, and the error due to en-
ergy relaxation of the qubit γ. Based on this, we estimate
γ to be 19.8%.
4. unaccounted error
The three errors described above sum to 25.0%, and we
still have an unaccounted error of 1.5%. The histograms
in Fig. 6 exhibit an asymmetry. In particular, the state
|0〉 distribution in Fig. 6(a) has a tail toward higher
VQ. The total counts in the purple area in Fig. 6(a) ex-
ceed Ntotγ/2, and this accounts for the remaining error.
One reason for the tail is the transient response of JPA.
Namely, we start the acquisition of the readout voltage
pulse before its amplitude fully saturates. Actually, at
larger td or smaller Pp (larger bandwidth), this asym-
metry becomes less conspicuous. Note that the |1〉-state
peak in Fig. 6(b) is less asymmetric and the peak width
is smaller. One reason for this is the difference in the
response of the readout pulse for the two qubit states.
As exemplified in Fig. 7, when the qubit is in state |0〉,
there is ∼ 40 ns delay before the voltage starts to rise
up, compared to the case when the qubit is in |1〉 state.
Using a time constant τ of 66 ns for 4.8 MHz bandwidth
of the JPA and td of 100 ns, 1−exp(−td/τ) is 0.78, while
1 − exp[−(td − 40 ns)/τ)] is 0.60. This qualitatively ex-
plains the smaller effect of the transient response of the
JPA for the case when the pi pulse is turned on.
Appendix B: Noise temperature of the JPA
In the main article, we showed that the upper limit
of the noise temperature of the JPA is 380 mK. Here,
we explain this. We consider the chain of amplifiers as
shown in Fig. 8, in which we have JPA, HEMT and the
loss between them. The noise power referred to the input
of the HEMT is given by
Pnoise = [(1−η)kB(T in+T JPA)Geff+ηkBT in+kBTHEMT]∆f,
(B1)
where kB is the Boltzmann constant, T
JPA and THEMT
are the noise temperature of the JPA and the HEMT,
respectively, T in represents the input noise from the 50
Ohm resistor, ∆f is the measurement bandwidth, η is
the loss between the JPA and the HEMT, and Geff is the
effective JPA gain for white uncorrelated noise.
We have not measured THEMT precisely, and assume
it to be 6 K based on the catalog specification measured
at 15 K. T in is assumed to be the vacuum noise, namely,
kBT
in = hf0/2, where h is the Planck constant and f0
is the signal frequency. The loss represented by η is due
to that in the connectors, circulators, filters, and isola-
tors (which are in the base temperature stage) between
JPA and HEMT, and η is estimated to be < 2 dB from
6independent measurements. ∆f is 10 MHz which corre-
sponds to the acquisition time τ of 100 ns. Geff is given
by 1∆f
∫∞
−∞[Gs(f) +Gi(f)]sinc
2(2pifτ/2)df , where Gs(f)
and Gi(f) represent signal and idler gains as functions of
the frequency, respectively. Their Lorentzian linewidths
are measured to be 4.4 MHz and the maximum gains,
Gs(f0) and Gi(f0) are 20.3 dB.
From the histogram for state-|1〉 peak at td = 200 ns,
we obtain the signal to noise ratio SNR = µ1/σ1 ≈ 2.9,
where µ1 and σ1 are the mean value and the standard
deviation for the Gaussian fit to state-|1〉 peak. By using
Eq. (B1) and SNR =
√
Ps/Pnoise, where Ps is the signal
power input to the HEMT and estimated to be −105± 2
dBm, we get T JPA < 380 mK. Because THEMT/[Geff(1−
η)] is < 100 mK, the input vacuum noise and possibily
the noise temperature of the JPA are mainly limiting the
SNR.
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FIG. 5. Histogram when the pi pulse is turned off. The JPA is operated with a gain of 29.0 dB and a bandwidth of 2.8 MHz,
and the delay time td is 300 ns. The blue dashed curve is a Gaussian fit to the peak corresponding to the qubit state |0〉. The
red dashed line is the threshold used to discriminate the qubit states. The inset shows the magnification of the part indicated
by the black dashed box. The green dashed curve in the inset is a Gaussian fit to the |1〉-state peak.
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FIG. 6. Histograms obtained when the pi pulse is (a) turned off and (b) turned on. The condition of the measurement is the
same as that used for Fig. 3(e) in the main article. Namely, the JPA is operated at a gain of 25.6 dB and a bandwidth of
4.8 MHz, and the delay time td is 100 ns. The red dashed line is the threshold used to discriminate the qubit states. The blue
dashed curve in (a) is a Gaussian fit to the data below threshold, while the black dashed curve in (b) is a Gaussian fit to the
data above the threshold. The black dashed curve in (a) is the same as the one in (b). The blue dash-dot curve in (b) is a
gaussian fit to the data for VQ ≤ V 0Q, where V 0Q is the center of the fitting curve for |0〉-state peak in (a).
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FIG. 7. Timetraces of the heterodyne signal (IF frequency 50 MHz) when the pi pulse is turned off (blue) and turned on (red).
The data is averaged 6.5× 104 times for each measurement point. The JPA is operated with a gain of 29 dB and a bandwidth
of 2.8 MHz.
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FIG. 8. Simplified diagram for estimating the noise temperature of the JPA.
